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Atstract

2H NMR spectra and conductiv-:y of liquid and frozen HCO1 4  5 H0 have

2
been obtained over wide temperature range (1140 to 300K). The 2H 1MR spectra

show a g, adual broadening of an .stropic resonance at lower temperature from

Arl,2 = 2Hz at 300K to 50 kH, z: 1OK. At even lower temperatures, flat top

spectra of breadth 170 kHz were _zserved. The presence of isot,, ic spectra

above 170K indicates that the a,_-erons (protons) are relativel mobile even

in the frozen state. A piot of 1 ,, 2 ) vs. (/T), the Arrhe-.us plot,

further reveals the presence of tz phase transitions centered at 228 + 2K and

180 f 5K. Conductivity measurersr:s agree well with the NMR resu.ts. The

activation energies were determir.e] from NMR (conductivity) measurements to be

0.27 eV (0.29 eV) from 228-180K .U.40 eV (0.36 eV) from 180 to 140K.

_2d u c t, on

In recent studies it has bee7. shown that the investigation of processes

at Zhe metai - aqueous eiecLroiy.e interface can be extended to temperatures

below tt, reezing poirt of tne e-ectrolyte, and it has been demorstrated for,

reactions as well as double layer properties '1-3, The electro,.:e that has

beer used in these investigations was aqueous petcnloric acid of tne composi-

tion HCIO *5.5H-0. In the phase oiagram of H O-HCIO this compos.:;on
14 2 14

represents an acidhydrate of a stoichiometric ccmcsition with the nighest

water content possible., The freezing point cf that compound is 226K.

hecently the structure of HCiO4*5.5H 20 was determined hy Mootz et 1. /4,5

using X-ray diffraction. Accorcl:r.g to Mootz and Wit:)k, ',4 th c:r.pound

crystallizes In a clathtcdte struct.,re, similar to several gas nyc i cs, of ttt

cuL , 12 type. H 20 ara H+ form tne_ host lattice wntie CIO, I- t-ne guest.

At temperatures T < 173K a hignt: cr:dr ohase transformatior scrrs to



take place whin is reversible upon going back to higher temperatures.

Since this perchioric acid hydrate is a s.i table electrolyte also in tht

frozen state it was assumed that the protons are relatively mobile even in the

solid phase. In order to clarify this point, !-M!R and conductivity meas.re-

ments were performed to obtain some insight into the proton mobility of

HCIO 4 *5.5H2 0 at various temperatorcz in the li-id and frozen state of the

electrolyte. "r

Experimental

The conductivity measurements were performed using an a.c. bridge

technique (lkhz and fast galvanostatic pulses. The latter technique does

only give the resistance and a calibration was -.sed to obtain conductivity

2
values. The ceil consisted of two platinum fo,:, each of approx. 2 cm area,

which were positioned approx. 1mm apart from eacr other. The cell is similar

to the one desc ibed earlier '3 and had a temperature accuracy of approx.

2K. Measurements were performed in an aqueos solution of ICIO 4 (ACS grade)

which corresponds to the composition of the 5.5 nydrate. Measurements were

not performed in deuteruted solutions. The d,t:erence between II arid D+ ws

not considerej crucial for this preliminary st-ray. The conductivity was

measured as =fCm ction of temperature from higrer to lower temperatures arid

vice vet sa.

Deuterium NMR quadrupoiar spectra were obt:":ned on a home-built 30) MH

spectrometer (zH fr'equenjcy - 4E MHz) interface- to a Nicoiet 128i -,omputer

data system with 293B pulse prograrmmer and a 2L, u transient recorder capable

of digitizing .p to 2 Mnz at 12 bit resolution. Spectra without proton

decoupling were obtaineJ using either a single pulse sequence for, temperatutres

2



above 190 K whe re T the spi.-:, ,I relaxation tia-c, is long, - quadrupo~ar

echo technique /6/ for temperatres below 190 K (P,12 : 2 mic.:<3econd).

Recycle delay times were varne: netween 0.2 to 4 s depending c- temperatUre.

Samples were cooled with terpe-ature regulated nitrogen gas a- 50 cubic feet

per, hour,. Between 10-15 mlr-_s were allowed for sample to e_. librate

between temperature Qhanges. :'he complete equilibration norma..y taes 3

minutes as monitored by NMh. Temperatures were calibrated w.:-. a pi.tinum

resistor placed inside a ca.,atior sample and the accuracy - estimated to

be + 20 C. The sample for tr.e N M. measurements was a 5mm x !,: cm sample tubt

containis 0.25 ml of HCLO .-. G which was prepared by mixing 3.22g D 0 with
'4 - 2

7.08 g of 71 HCI0' this co-r:spondiug to D:H molar ratio of --,piroximately

1.1.

Results and Discussion

The results of the cor:ctiv-t measurements are show,. Fig. I it, at]

Arrhenius plot. Essential.y toree jit-ferent ranges car be :.stigishe. In

the liquid electrolyte, tce , the ictivation en~ergy c: re conductivlty

is small, approx. A.O.'e.. A"ter f'reeing of tne electrolyte. no dCscontinuity

seems to appear In tne cor-.tcivity tot tne activation ene, . comes much

larger, 0.29eV. This vjlOc is ztill relativeiy small Cor .onic co,)uction

process. At lower temperatures, T,180K, a further change ." oope is

observed. The activation energy Lalcuiated from the siopt .:pP'ox. u).37eV,

slightly higher than the one at higher temperatures.

Fig. 2 shows deuterium quadrupole spectra of the aquc--s porchloric acid

at various temperatures. The temperature dependence of t e .MH spectra shows

two prominent features: ii) a gradual broadening of the s..n temperature

isotropic line from 2Hz at 293K to 28 kliz at 171K and (i; . zharp transition,

3



from an isotropic line to a broa o.ectrum at 170 + 4K. Also shr in Fig. 2

is a deuterium quadrupole spectru7 of pure D 20 at 243K. The 20 Jpctrum has

breadth, the separation of the two prominent edges, of - 170 kHz a-.J asymmetry

parameter 1i 0.1. This is chrcteristie of immobilized deuteron.<.. The

breadth of the deuterium qt,.-riip6o.e spectrum of perchloric acid d&.terons at

y53K is also 1701kH. howtvc . :ne presence of flat-top linezspe cillclt,<s

tnat the deuterons in HCIO 4 *.5H I are still reorienting at l 4s /9-11.

Fig. 3 shows the temperntu, E itc,endence of en ( I. ,Aii), where u 1,2 is

the half width of the isotropic resonance above 170K. This plot reveals

ajcitional information on the natre of the electrclyte system. T.,o transi-

tiors with the midpoint of the ttr=.s.tion, Tin, at ?28 + 2K and 18, t 5K are

orserved. A complex su'ercolirE ef'fect was observed for the hi gr. :emperaturc

t rar,s it i on. Whet, the t 'umpcrat r e ,s decreased from above Tin, the complete

transformation did not occir u.t;. 208 Y. This trarisformAtion is

characterized by the observation. a single narrow isotropic deuteium

spectrum whose l iriewidtr ir,crease ith decreasing temperature, hotever, when

tr.e temperature w:s raisec from z :5 to 228K, the deuteriIM spcCtr : consists

of two components, a broad componrf.t cnaracteristic of the low ter..-rature

pnase and a narrow component characteristic of the highly mobile p,.ase. The

relative populationi of these two components varies with temperatur: 1i th

sense that high temperature favors tne mobile component. The nat,.e of this

complex behavior is currently unae: investigation. The low t,mpe: 3 ture Tn

d -'ees quite well with our cunduct.vity measurements. The ooseivat.,w of

i.otropic lines at the temperatures where perchioric acid is fro i.e.

ti:Iow 228K, provides direct evidence that deuterons are quite notb-. in this

solid perchloric acid ciathrdte.

• ,, i i i II II I I II II 4



L ine n.arrowing can take place througn thi ee mechani sms , the! d 1ffu.A.

deuterons from site to site in the clathr-ate lattice /12./, the 180 0 reoreri-

tation of the water molecule with respect to the H-O-H bisector without

diffusion, and the coexistence or' reoriertat ion and difrfusion. In the :f.st

limit, the dliffuLsion pr-)cess averages trte deutteriun spectrum to an i sot r3 -,iC

line where~s a broa.- ,- specitru-n of' Dreadth 12-: k:IH 1s Uxl-ectu>i tk tn

anisotropic reorientati-,m process alone 7,9/. Our observation of' ibzotrroz-C

lines above 170K suggest-s that r~eorient--tlorl of deuteron alune cant niot ex .in

the obser vat ion aind that, ttie deUtcion must be di ffusirg rapidly throuet-. tne

latt ice. The correlat ion time of tne di ffus ion process is related to tnE

increaise i T. i inew idth, %1t1 2' by the Cc) owi ng equatilon , 13, 14/

12 UT 2 8 H ' j7 1c

where T2 3 the spin-spin relaxaticni time-, itis the asymmetry paxrameter,

e 2qQ nh is tne quziarupo)le coupi ing consta'.t. ( 2ut) kHz ) and ic is the

correlation timt2 for the diffusioni process . Since it (-. 1 or deuterorns rn

water, tne asymm~etry contribution is nteg gibie ano tn 2 iintbroadening ca.De

r'eidted to the currelat ion t ine r fild heztcc the diCffus-i Si rate2 ka 1; r s

ic1, 12

Theref ore api ot at C' 1, At ) Vs. 1 Il a lOW us tu Oete rni ,uc- the



activation energy Cir -. t reor ientation process. Th i .6 shown in Fig. 5.

The activation energies wtere found to be U.04 + o.U2 2. ,buve 230 K), U.27 f

0.05 eV (180-228K) and 0.4 + 0.1 eV (170-180 K). These Agree quite wull with

that obtained from cor:-dctivity measurement.< of 0.02 e.. 0.29 eV and 0.36 eV,

respectively. Since ccrductivity measurements monitor :r,e ciffusion procss

it is tempting to corcl.-1e that the narrowing of the .e-eurim, spectrum iS

also due to diffu,ior. iowever, it is not necessarily so. Soda and Chibo" has

measured the activatior. energies of the reorientatiun process of several

hydrates and found tner. to vary between 0.25 to 0.7 eV 9/. Garg and [avidsonr

have employed the secorj moments of the proton NMR spectra to determine the

dynamics of Class I ar.- II ecthrate ices and have cor :ided that although

reorientation may pro1uce line n;arrowing at somewhat .o~or temperatures than

diffusion, the two processes appear to be effective in rearly the same

temperature range ic . Therefore tne NMR spectrai averaging is likely to be

the combined effect cf reorientation and diffusion. We snould aiso poir,t out

that at iower tEmperat..res (below 180K) the extreme narrowing condition, i.e.,

W T c 1, may rnot be va.:1, therefore the activation 7.,-ry obtained at thuscc

low tempor'-tures must to taken witn caution.

kccently using :, -eurn NMR spin-alignmert tuch;..-e, Fujara et al.,

have t.snred the g,,ror:y ar,d time scale of the tetr'r.r'l junp o 2H in

deuterated puiycryst,.,ne hexagonal ice (lh) 2 a i so crlc. uded that

these tetrahedral j~m c are due to dif'fusing BjerIum vr._cos. If onle ascLumre

that diffusion is responsihlc f'or the NMH spectral averting, thr Qa cin

deternint the di 'ffui ior rute, o Jeuteron frum the l ,,.n, equatioi

x

2Y
c
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whe:~ z s the sep-ira t i on of it eron i n the c i ithr-ateitt- d

the correlation time of the di ffusi:ri process which con be taken the- irne

it takes for the deuteron to hop frcrr. site to site. The calculate:_ diffL isin.:.

cornstants follow the Samle Curve 6S Pr,, I/Ar 1 and arie shown in F iE . . Thi

Vary from , 10- cm 2 Is at260 K tw. 3 x10)10 cm'n2 at 170 K. Fretvi rig Of

tne eleCtr-olyte at 228 K rqeduoes tn-t 01Ifusi Culi-st~llt by a L~tmof 7 from

x 07to 5.8 x 1- 8 cm2

Whent we compdrte our' res _il rs w.*> daita obtainied Crom X-ray ci [ractiojn

,'4,5, there is a quite )0 ood agreem-.tJ t, The clathrate structure wn *ch was

determined for HCIO 4 5.5H 2 0 contal!,s large void-, arid in; assignrig nre

di ffrdction patterns the authors re r ted thait Tic sharp refliexes C.-. Id be

obtaine d for the protons. This a: indicates that the pr'otons exhibit a

l.vemebility in the so lid m.,trx. The highEr order phlAse tt rsf _nrztlorl

fo -z at 173X coincides welli with necnaniges in slope found in tr.- Arrheniuos

picts of tne conductivity anid alsc, tne NMk data. The rearrargerrum.:- X the

1sat: ce at tnis temperature makes trt- motion of theC protons obvio-.'; less

tav , at . In coDnclusio)n, our co:criyand NMkr data shows ttna: ine

_i1 ( protor,) in the HCIQ'55r cl athr-dte are vcry mob i c c i t th(2

rn~m state and tna t t~o s' ctura,, t rcrl5 it ions are Thswerved whx are

cer-red at 286 2 K and 71) 1 5 K.

At, _.Lfqedgrrcenjt s

Th is work has been, sippun Led part by lte N-it iooj)A I SC I enckilIJ. A

PCH-6''132If0)86 T . - ii. H i. ) , PC M- 8 3 L r9 33: I. and fCiE6E05698 (ti S r, e

0!' ,t- of' Ndvj I Resear cr ( U .S..
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F ig~eCp Lors

Fi I1 A, cherius plct c,!' the celec't ical condoetivir: lic iD *i) 1iH

t -mpe ra turet c,,i 4 - 30()K.

t i. 2. ;euter;u~ qzm s Pul "JM N sPectr'a of the p r ic cd yrie

vatr' tous temnper e>s. 3pkectr'a wer'e obtaiytf trn the 5l puit

technique wi-r. rr = 2 ps cind digiti'zed at RK'. KecIcle t imes

weve vajrie - mu' ( 1'13K) to 4S (153K) . As iowri or, the fi~ur e

is A spectri',L 1 0 ,t _ 43K ~t ut t o Se t C u WI cxt 1 1

F i._3 Thie ternperat,, vz; a~t itw_ of d~ter i up, q U, jr seMhpctl
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